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C
ytoplasmic dynein is a minus end-directed microtubule motor protein responsible for the transport of vesicles and organelles toward the cell center. Dynactin is a dynein activator that binds to both dynein and the microtubule. The dynein/ dynactin complex is essential for a diversity of cellular trafficking events, such as vesicular trafficking from the endoplasmic reticulum to the Golgi and lysosomal motility (1) . Cytoplasmic dynein and dynactin associate with intracellular cargoes through multiple mechanisms (1) . Here we describe a mechanism by which dynein targets vesicular cargo through a direct interaction with Huntingtin (Htt).
Although Htt is enriched in the brain, the protein is widely expressed in all tissues and is associated with both vesicles and microtubules (2) (3) (4) (5) . Inactivation of the mouse Htt gene (Hdh) results in embryonic lethality (6) , indicating an essential role for Htt in early development. Polyglutamine expansion in mutant Htt causes Huntington's disease, a neurodegenerative disorder that primarily affects striatal neurons. Mutant Htt disrupts axonal transport in squid axoplasm (7) , Drosophila (8) , and mammals (9, 10) , suggesting a role for the protein in vesicle transport. Htt interacts with various proteins implicated in trafficking (6, 11) , including Htt-associated protein-1 (HAP1), which in turn interacts with both dynactin and kinesin (12) (13) (14) . Here we show that Htt interacts directly with dynein and facilitates vesicle motility along microtubules, indicating that Htt could be a scaffold, integrating protein-protein interactions that lead to effective intracellular transport of vesicular cargo.
Results
To understand how dynein targets vesicular cargo, we conducted a yeast two-hybrid screen to identify dynein-interacting proteins. Full-length dynein intermediate chain (DIC) was used as bait to identify binding partners from a human brain cDNA library. A positive interaction was detected between full-length DIC and a library clone that encodes a 162-amino acid fragment from the N terminus of Htt (residues 536-698).
To further map the DIC binding site of Htt, four constructs (Htt1-Htt4) spanning the full length of Htt (Fig. 1A) were in vitro-translated and incubated with DIC beads. Htt2 (601-1,483) bound to DIC beads (Fig. 1B) , but not control beads (data not shown), verifying the region of interaction identified by the yeast two-hybrid clone. In contrast, Htt1 (1-600), Htt3 (1,484-2,225), and Htt4 (2,226-3,144) did not bind to the DIC column. Together these assays identify Htt residues 600-698 as both necessary and sufficient for binding to DIC.
To determine which region of DIC interacts with Htt, we used the yeast two-hybrid system to assay binding between Htt 536-698 and a series of DIC truncation constructs spanning the residues 1-120, 120-283, 1-283, and 283-644 ( Fig. 1 A) . Cells coexpressing Htt 536-698 and DIC 1-283 had the strongest signal, demonstrating that amino acids 1-283 of DIC are required for binding to Htt (Fig. 1C) .
To test the specificity of the interaction between Htt and endogenous dynein, we loaded mouse brain cytosol onto a GST-Htt 536Ϫ698 affinity column. The bound fraction was shown to contain dynein ( Fig. 2A) . To assess whether the interaction between dynein and Htt depends on dynactin, we loaded FPLCpurified dynein, which lacks dynactin (15) , onto the GSTHtt 536Ϫ698 affinity matrix. Again, dynein bound specifically to the Htt column, indicating that dynactin is not required to mediate the interaction between dynein and Htt (Fig. 2B) .
The above experiments indicate that the binding of Htt to dynein is both direct and specific. To examine the physiological relevance of the interaction, an immunoprecipitation was performed with DIC antibody on mouse brain cytosol. Full-length endogenous Htt was coimmunoprecipitated with dynein, along with dynactin, kinesin, and HAP1 (Fig. 2C) . In contrast, Htt did not precipitate with control beads. The coprecipitation of Htt and DIC indicates that the endogenous proteins interact, although not all of the Htt present in the cytosol bound to the beads, suggesting that the dynein-Htt interaction may be regulated in vivo.
We next performed immunocytochemistry on HeLa cells with antibodies to both Htt and DIC (Fig. 2D) . Both Htt and DIC are visible as puncta distributed throughout the cytoplasm with concentrations at the Golgi, consistent with partial colocalization. Both Htt and DIC puncta align along the microtubules in HeLa and COS7 cells (data not shown).
We hypothesized that the association between Htt and DIC is involved in microtubule-based vesicular transport in vivo. To test our hypothesis, we used RNAi to specifically deplete either protein. The organization of the Golgi into tight stacks in the perinuclear region of the cell is dynein-dependent. Disruption of dynein by overexpression of the dynactin subunit dynamitin (p50) (16, 17) , or depletion of either dynein (18) or dynactin (19) , results in fragmentation of the Golgi. To confirm the Golgi disruption phenotype in our model system, we depleted dynein by RNAi of dynein heavy chain (DHC), which is encoded by a single gene. Interestingly, we observed that a 92 Ϯ 2% reduction of DHC by RNAi also resulted in a 97 Ϯ 1% inhibition of DIC expression (SEM, n ϭ 5), indicating that a coregulatory mechanism governs the expression of these two subunits of dynein [supporting information (SI) Fig. 6 ]. As expected, RNAi of dynein in HeLa cells resulted in a dramatic fragmentation of the Golgi (SI Fig. 6B ), with 98 Ϯ 1% of cells displaying a fully dispersed Golgi (SEM, n ϭ 300) (SI Fig. 6C ).
We next investigated the effects of depleting Htt by RNAi and found that Htt knockdown results in partial Golgi disruption, suggesting that Htt and dynein may function in a similar pathway. In cells where Htt protein expression was reduced by 83 Ϯ 5% compared to negative control levels (SEM, n ϭ 5) (Fig. 3A) , the Golgi appeared to be stretched out of its normally tightly organized stacks (Fig. 3B) or otherwise completely vesicular as observed in DHC RNAi cells. Further, 64 Ϯ 4% of cells had a partially dispersed Golgi, compared to 21 Ϯ 1% of no RNA control cells; and 15 Ϯ 4% of Htt RNAi cells had a fully disrupted Golgi, compared to only 5 Ϯ 1% of control cells (SEM, n ϭ 300) (Fig. 3C) . Immunostaining with another Golgi marker, GM130, showed similar results (data not shown.) The Htt knockdown results in less dramatic Golgi disruption than the DHC RNAi results, consistent with the observation that only a portion of Htt is associating with dynein at steady state. Quantitative analysis of Golgi elements in Htt RNAi cells shows that the Golgi becomes significantly less centrally localized and more tubulovesicular (Fig. 3D) . The disrupted Golgi phenotype was rescued by transfection of mouse Htt plasmid DNA into Htt RNAi cells (Fig. 3B and SI Fig. 7) , indicating the specificity of the effect of Htt depletion on Golgi morphology.
To further test our hypothesis that Htt participates in dyneinmediated vesicular transport, we conducted in vitro motility assays. Htt is known to be vesicle-associated (2), and, indeed, it was present along with dynein and dynactin in the vesicular fraction prepared from mouse brain cytosol (Fig. 4A) . Vesicles purified from transgenic mice expressing low levels of p50-GFP incorporate stoichiometric amounts of the tagged subunit into the dynactin complex (20) . The stable association of GFPlabeled dynactin with purified vesicles allows the visualization of dynein-based vesicular movement along microtubules by using total internal reflection microscopy.
When vesicles were preincubated with antibodies raised against Htt, the vesicles mostly dissociated from microtubules, in contrast to vesicles preincubated with control antibody (antiMyc), which induced no significant change in microtubule association (Fig. 4B) . In addition, the motility of the vesicles that did bind to microtubules in the presence of anti-Htt antibodies was significantly inhibited (Fig. 4C) , and the inhibition was bidirectional (Fig. 4D) , which is consistent with previous observations of decreased organelle motility with disruption of dynein/ dynactin function (21) . The inhibition of vesicular transport along the microtubules by Htt antibodies suggests that Htt facilitates bidirectional vesicle motility.
To test whether the anti-Htt antibodies decreased the amount of dynein associated with membranes, the vesicles were pelleted after incubation with antibodies. No loss of dynein (Fig. 4E Inset) or dynactin (data not shown) was observed from vesicles incubated with anti-Htt antibodies. We also analyzed the association of dynein/dynactin with vesicles by using quantitative bleaching experiments (Fig. 4E ), but saw no significant decrease in the mean number of bleaches per vesicle induced by the Htt antibody compared with anti-Myc (7.9 Ϯ 0.4 vs. 8.0 Ϯ 0.5). The observed inhibition by the Htt antibodies may be explained by a steric interference imposed on the motors that are in close proximity to the Htt epitope. Htt antibodies may lock the dynein into place on the vesicles because there was actually a 1.5-fold increase in dynein in the vesicles that have been treated with Htt antibodies (Fig. 4E Inset) . This slight trend toward more dynein on Htt antibody-treated vesicles, although statistically insignificant, is also reflected in the bleaching data because the mode (the number of bleaching events that most vesicles required for quenching) increased from six in the presence of Myc antibody to nine in the presence of Htt antibody (Fig. 4E) .
Taken together, these results indicate that DIC and Htt associate in cells, and this interaction facilitates dynein-mediated vesicular transport. To further establish a functional relationship between dynein and Htt in vivo, we immunostained the dynein RNAi cells for Htt (Fig. 5A) . A significant portion of Htt-labeled structures were redistributed to the outer cortex in the cells, indicating that trafficking of Htt toward the cell center depends on dynein-based transport. Likewise, in HeLa cells overexpressing p50-GFP, which inhibits the dynein/dynactin complex, Htt was also visible on the cell periphery, as opposed to its concentration at the cell center in nontransfected cells (Fig. 5B) . To determine whether these structures were associating with the cytoskeleton, we stained dynein RNAi cells for microtubules and F-actin (Fig. 5C ). Both microtubules and actin stress fibers localize to the cortical sites of Htt accumulation. Thus, Htt requires functional dynein to undergo efficient transport from the cell periphery toward the cell center.
Discussion
To date, there are several examples of adaptor molecules recruiting dynein machinery to vesicles (reviewed in ref. 1). Our study identifies a dynein cargo-recruitment paradigm: Htt facilitates dynein/dynactin-mediated vesicular transport through a direct protein-protein interaction between Htt and dynein. Furthermore, we observe that a functional dynein/dynactin complex is responsible for proper localization of Htt in the cell.
Htt has previously been shown to be associated with vesicles in neurons (2) and endocytic vesicles (22) . Htt interacts with HAP1, which binds to dynactin (12, 13) . Our finding that Htt also binds to dynein supports the model of Htt as a scaffold that brings together vesicle-associated proteins and dynein machinin assays repeated with polarity-marked microtubules. In the presence of mouse monoclonal anti-Htt, vesicle motility in both the minus-end and plusend directions was reduced. (E) Dynein is not lost from vesicles in the presence of anti-Htt antibodies. Vesicles isolated as in A were preincubated with antibodies and then laser-bleached to quench the fluorescent signal of the p50-GFP; the number of bleaching events required to completely quench each vesicle was recorded. There were no significant differences between vesicles preincubated with no antibody (n ϭ 50) (yellow), anti-Myc control antibody (n ϭ 61) (blue), or mouse monoclonal anti-Htt (n ϭ 68) (red). Vesicles requiring Ͼ20 bleach events were considered aggregates and excluded from further analysis. (Inset) Vesicles were preincubated with antibodies and then centrifuged at high speed. Pellets from vesicles preincubated with no antibody (no Ab), mouse monoclonal anti-Htt (ms-Htt), rat monoclonal anti-Htt (rt-Htt), or anti-Myc antibodies were blotted for DIC and actin (as a loading control). Vesicles purified from p50-GFP transgenic mouse brain were isolated by flotation through a sucrose step gradient. The high-speed supernatant (S), high-speed pellet (P), 1.5-M and 2.0-M steps of the gradient, as well as the 0.6-to 1.5-M interface containing the vesicles (V) were blotted with antibodies against Htt, p150 Glued , and DIC. (B) Vesicles were preincubated with motility assay buffer containing no antibody (yellow), anti-Myc (blue), mouse monoclonal anti-Htt (red), or rat monoclonal anti-Htt (green) and then flowed into a chamber containing microtubules and analyzed by total internal reflection microscopy. Microtubules of similar lengths were analyzed (SEM, n ϭ 15 for each condition). (C) Vesicle movement was reduced from 62 Ϯ 4% in the presence of control antibody (SEM, n ϭ 30) to 23 Ϯ 7% in the presence of mouse monoclonal anti-Htt (SEM, n ϭ 22). Stationary vesicles increased from 38 Ϯ 4% in the presence of control antibody to 77 Ϯ 7% in the presence of mouse monoclonal anti-Htt. (D) Inhibition of vesicle motility was bidirectional ery. The DIC-binding site on Htt is between residues 600 and 698, falling between two of the three characterized HEAT (Htt, elongation factor 3, a subunit of protein phophatase 2A, and TOR1) repeat domains. HEAT repeats are highly conserved in Htt, and several Htt HEAT repeat-binding proteins, such as HIP1, HAP1, and HIP14, are involved in trafficking (6) . HAP1 has been shown to interact with kinesin (14) ; in the absence of functional dynein, accumulations of Htt at the cell periphery that we noted are likely due to kinesin-mediated motility. This observation is consistent with the bidirectional block in motility observed in vitro when vesicles were treated with anti-Htt antibody. Thus, Htt/HAP1 may act as a docking platform to modulate vesicular cargo attachment to both dynein/dynactin and kinesin microtubule motors.
In our study, cells depleted of Htt by RNAi survived for at least 72 h, consistent with past studies analyzing the survival of individual Htt null cells in chimeric mice and in culture, suggesting that Htt is dispensable for some cell types (23) . However, because inactivation of the mouse Htt gene results in embryonic lethality (6), clearly Htt is essential for development of the intact organism, as is dynein (24) . Our finding that Htt facilitates dynein-based vesicle motility supports a role for Htt in the dynamic process of vesicle transport during early embryonic development.
We favor a model of Htt as a key factor in promoting association of vesicles with the cytoskeleton. Htt colocalizes with clathrin-coated pits and vesicles at the plasma membrane (22) and may modulate the binding of endocytic vesicles to actin (6) . Also, it has recently been proposed that Htt-associated vesicles execute a switch in affinity for specific cytoskeletal filaments based on Htt-binding partners (25) . This concept is consistent with our observation that Htt is redistributed to actin-enriched areas of the cell periphery in dynein-depleted cells, indicating that Htt may be associating with actin in the absence of functional dynein. Optineurin, a tether for myosin VI on Golgi membranes, has been proposed to coordinate the activity of actin and microtubule motors based on the finding that optineurin binds to Htt (26) . Our finding that Htt interacts directly with dynein provides further evidence for the role of Htt as an integrator of molecular motors and adaptor molecules that can affect a switch in cytoskeletal filament affinity, thus playing a critical role in cytoplasmic vesicle motility.
Huntington's disease is molecularly characterized by the expansion of the polyglutamine tract of the Htt protein. It remains unclear whether the cause of the disease pathology is due to a toxic gain of function and/or loss of normal function. In order to determine whether mutation of Htt results in a loss of normal protein function and, in turn, whether Htt dysfunction contributes to Huntington's disease pathology, the function of Htt must be defined. This study provides insights into the function of Htt in dynein-mediated vesicular transport. Future studies will focus on how mutant Htt may affect dynein-mediated vesicle motility.
Materials and Methods
Yeast Two-Hybrid, Affinity Chromatography, and Immunoprecipitation. Yeast two-hybrid screen and binding tests for proteins interacting with DIC were conducted as previously reported (27, 28) ; for details see SI Materials and Methods. For GST fusion protein experiments, Htt 536Ϫ698 was subcloned into pGEX-6P2 (GE Healthcare, Chalfont St. Giles, U.K.), and interacting proteins were isolated by affinity chromatography with glutathione Sepharose beads. Htt truncation constructs (a gift of M. Zerial, Max-Planck-Institute, Dresden, Germany) were translated in vitro, loaded onto DIC affinity columns, washed, and eluted with 2 M NaCl. For immunoprecipitation, protein A agarose beads were charged with anti-DIC rabbit polyclonal antibody UP1467 (generated in our laboratory) or anti-GFP mouse monoclonal antibody (Clontech, Mountain View, CA), incubated with mouse brain cytosol, washed extensively, and eluted in SDS gel sample buffer. Dynein and Vesicle Purification. Dynein was purified from bovine brain followed by FPLC purification on a Mono Q 10/10 anion exchange column (GE Healthcare) (15) . Cytosol was prepared from brains of either wild-type or p50-GFP transgenic mice (20, 29) . The 100,000 ϫ g supernatant was used in affinity chromatography assays. The 100,000 ϫ g pellet was fractionated by flotation through a sucrose step gradient with steps of 0.6, 1.5, and 2.0 M sucrose in 0.5ϫ cell motility buffer as described (29) . Vesicles were isolated from the 0.6-to 1.5-M interface.
In Vitro Motility Assay and Pelleting. Vesicles were preincubated with motility assay buffer [10 mM Na-Pipes, 50 mM K-acetate, 4 mM MgSo 4 , 1 mM EGTA (pH 7.0)] containing either anti-Htt mouse monoclonal antibody MAB2166 (Chemicon International, Temecula, CA), anti-Htt rat monoclonal antibody MAB2174 (Chemicon), or anti-Myc mouse monoclonal antibody (Clontech) for 20 min at 23°C. Samples were then flowed into chambers containing taxol-stabilized rhodamine or polaritymarked microtubules. Vesicular motility (defined as Ͼ300 nm excursions along the microtubule) was visualized by using total internal reflection microscopy (20) . For pelleting assays, vesicles were preincubated with antibodies as above and then centrifuged at 100,000 ϫ g for 10 min at 22°C. For photobleaching methods, see SI Materials and Methods.
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